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 This thesis presents characterization of four Er:YAG-derived fibers with similar 
geometries and increasing erbium concentrations. Fibers were fabricated from bulk Er:YAG glass 
rods with 1%, 2%, 4%, and 5% erbium weight percentages using MCM. Fiber segments from these 
draws with 10 μm core diameters and consistent concentrations of silica, yttria, and alumina were 
compared. These four fibers exhibited matching results including a core refractive index peak of 
1.544, absorption cross section peaks of 0.25 pm2 near 980 nm and 0.63 pm2 near 1530 nm, and 
an emission cross section peak of 0.65 pm2 near 1530 nm. Fluorescence lifetimes of the 4I13/2 
energy state were found to decrease with erbium concentration. Relative abundances of isolated 
and clustered Er3+ sites were identified from the radiative decay measurements. The maximum 
upper state lifetime was identified in the 1% Er:YAG fiber to be 8.3 ms.  
 Lifetimes were also investigated in their relation to draw position, showing an increase in 
radiative lifetime towards either end of the draw. It was found that ion clusters increase in number 
later during the draw process despite more erbium being present at the beginning of the draw. This 
identifies the beginning of the draw as an ideal position for increased efficiency and shorter 
amplifier lengths. A three-stage EDFA was configured for efficiency and SBS measurements. 
Amplifier efficiency results were consistent with lifetime results with respect to erbium 
concentration. A maximum efficiency of 32.7% was observed in the 1% Er:YAG fiber and 
minimum efficiency of 18.7% in the 5% Er:YAG fiber. The Brillouin gain coefficient of the fibers 
was estimated to be 0.39 × 10−11 m/W, which is significantly lower than that of silica fiber. These 
results show the effectiveness of highly concentrated Er:YAG fibers in EDFAs as well as reveal 
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CHAPTER 1: INTRODUCTION 
 
1.1 Evolution of Optical Fiber 
 
 Over the past several decades, optical fiber has established itself in a variety of industries 
including telecommunications, oil and gas, military, aerospace, BFSI, medicine, and railways [1]. 
The global market is expected to reach over $8.1 billion by 2025 [2], with a ubiquitous variety of 
fiber research concentrations. Just to name a few examples, new methods for optical time domain 
reflectometry (OTDR) allow fibers to sense the location of critical damage to infrastructure [3], 
hollow-core photonic crystal fibers have been developed to decrease latency by 100s of 
nanoseconds for stock exchange trading [4], and specialty fibers can now detect the presence of 
specific DNA sequences [5].  
In general, fiber has many sought-after qualities for sensing and transmission: it is cost-
effective, small in size, flexible, robust, immune to electromagnetic (EM) interference, chemically 
inert, lightweight, and has multiplexed detection capability. Today, optical fiber is predominantly 
used in the telecommunications industry for its advantages in long-distance communication. 
Networks have been established on a global scale, with over 99% of transoceanic data connections 
coming from undersea fiber optic cables [6]. Higher information capacities, faster transmission, 
and cheaper infrastructure continue to be heavily researched as the demand for data 
communication increases. Improvements can be aimed at any of a transmission link’s three main 
components: the source, the transmission medium, and the receiver. The focus of this study is 
related to amplification within the transmission medium. 
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Previous communication systems, such as coaxial cable and microwave transmission, 
suffer losses that increase with frequency. This sets a limit on the maximum data rate possible. In 
1975, the most advanced electrical communication system had a bit rate of 274 Mbit/s and required 
electrical repeaters to be placed every kilometer. Microwave transmission via radio waves had a 
similar bandwidth-distance product. After optical fiber was first proposed for communication by 
Kao in 1966, advancements in fabrication removed significant amounts of impurities. Low-loss 
fiber combined with growing availability of semiconductor laser sources resulted in fiber being 
commercially implemented in the 1980s [7]. Since then, the bandwidth-distance product has 
increased by a factor of 108 compared to fiber’s predecessors, reaching 100 Pbit/s-km [8]. 
A signal in an optical fiber is carried by photons, as opposed to electrons in a copper wire. 
Light sources include LEDs and lasers, and photodiodes are used as receivers. The fiber material 
is typically glass, although plastic fibers exist for short-distance applications with large amounts 
of bending [9]. Several sizes of fiber exist, but the thickness is usually on the order of 100 μm, 
which is the width of a human hair. To provide perspective on how pure the glass is, a kilometer 
of fiber is more transparent than a standard centimeter-thick glass window [10]. Another 
remarkable aspect of fiber manufacturing is the ability to draw tens of kilometers of fiber with less 
than a micrometer of diameter variability. While fiber has already made significant advancements 
since the 20th century, there are several novel fibers that show potential for further improvements 
to long-distance communication, such as the erbium (Er) fibers in this study. 
This thesis begins with a basic background on optical fiber followed by a more in-depth 
explanation of erbium-doped fiber amplifiers (EDFAs). It will explain the fabrication process of 
multiple Er:YAG-derived fibers, present experimental results, and end with concluding remarks 




1.2 Optical Fiber as a Waveguide 
 
Fig. 1. (a) Refractive index profile (RIP) for a step-index fiber and (b) fiber segment structure 
with dimensions comparable to the Er:YAG fibers in this study (not to scale). 
 
An essential aspect of optical communications is confining the light inside the fiber so that 
it can travel long distances with minimum loss. The most common type of fiber has the structure 
seen in Fig. 1. This structure is cylindrically symmetric and composed of two concentric regions: 
the core and the cladding. Alternative specialty fiber structures include double-clad fibers for high 
power applications [11], multiple cores to increase the number of channels [12],  and asymmetry 
to disrupt higher-order modes [13]. The underlying phenomenon that is common to all 
telecommunication fibers is confinement of light by total internal reflection. Although a ray optics 
model does not fully describe propagation in the fiber, it can provide a basic understanding of how 
traveling light remains in the core, as follows. 
At an interface between two materials, seen in Fig. 2, the incident and transmitted 
(refracted) rays are governed by Snell’s law: 
( ) ( )1 2sin sini tn n = . (1) 
The core and cladding refractive indices are defined as 𝑛1 and 𝑛2, respectively. The incident and 
transmitted angles, 𝜃𝑖 and 𝜃𝑡, are with respect to the interface normal. The refractive index is 
defined as the ratio of the speed of light in space to the speed of light in a specific medium. This 
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value is a function of wavelength and is approximately 1.444 for 1.55 μm light in pure silica (SiO2). 
A standard fiber has a cladding made with pure silica and a core that is lightly doped with germania 
(GeO2) to increase the index by 0.5% [7]. This meets the conditions in Fig. 2 so that 𝑛1 > 𝑛2, 
which dictates that 𝜃𝑡 > 𝜃𝑖 . Rearranging Equation (1) reveals a critical incident angle, 𝜃𝑖 = 𝜃𝑐, at 










.  (2) 
 
Fig. 2. Incident, reflected, and transmitted rays at an interface where 𝑛1 > 𝑛2. 
 
When light in the core approaches the cladding at an angle 𝜃𝑖 > 𝜃𝑐, the solution to Equation 
(1) for 𝜃𝑡 becomes unreal and total internal reflection occurs. Fibers with the RIP shown in Fig. 
1(a) are known as step-index fibers since the refractive index along the diameter has a step increase 
in the core region. In graded-index fibers, the index has a parabolic profile with a peak at the center 
of the core. Although this is generally more difficult to fabricate, graded-index fibers have reduced 
pulse dispersion. A figure of merit for fiber related to its indices is the numerical aperture, given 




1 2sin( )NA n n= = − .  (3) 
When coupling light from air (𝑛𝑎𝑖𝑟 = 1) into the core, the light is refracted as it enters the fiber. 
The numerical aperture defines the acceptance angle outside of the fiber, 𝛼, that will result in light 
meeting the critical angle inside the fiber. As dictated in Equations (2) and (3), a larger index 
difference yields a smaller 𝜃𝑐 and allows a wider “cone” of light to be accepted into the fiber. 
 Near-infrared wavelengths (800–2500 nm) are commonly used with optical fiber. These 
wavelengths are comparable to the dimensions of fiber, so wave optics must be used to understand 
the various modes of propagation. The fields for these modes are solutions to the Helmholtz wave 
equation in Equation (4), where 𝑘0 = 2𝜋/𝜆0 is the free-space wavenumber [10]: 
2 2 2
0( , ) ( , ) ( , ) 0n k   + =E r r E r .  (4) 
The difference between indices, ∆ = 𝑛1 − 𝑛2, is small enough in fiber that these modes are 
approximately TEM modes. In other words, the field does not have an axial component, so 
𝐸(𝑧, 𝜔) ≈ 0. The assumption of ∆≪ 1 is known as the weakly-guiding condition. 
The following solution for the allowed modes in a step-index fiber is taken from [10]. 
Using the weakly-guiding condition, the electric field from Equation (4) is assumed to be TEM 
and is written with cartesian coordinates as 
( , , ) ( , , )x yE r z E r z  +E x y .  (5) 
The scalar wave equation can be applied to each component of the electric field. This example will 
solve for the TEM pair (𝐸𝑥, 𝐻𝑦), with the solution being applicable to (𝐸𝑦, 𝐻𝑥). Rewriting Equation 
(4): 
2 2 2
0( , , ) ( , , ) 0x xE r z n k E r z  + = .  (6) 
Through separation of variables, the solution for ( , , )xE r z  is found to take the form 
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( , , ) ( ) ( ) i zxE r z f r g e
  −= .  (7) 
Equation (7) assumes the fiber properties are invariant in 𝑧 so that the only 𝑧-dependency of the 
mode is a phase shift characterized by the phase constant, 𝛽 = 𝑛𝑒𝑓𝑓𝑘0. For fibers without 
negligible loss, the propagation constant includes the loss term 𝛼 and the z-dependency becomes 
exp [(𝛼 + 𝑖𝛽)𝑧]. As will be explained in the next section, intermodal dispersion is the result of 
each mode having its own velocity. Concomitantly, each mode has an effective index, 𝑛𝑒𝑓𝑓, 
between 𝑛1 and 𝑛2 that describes the propagation constant. 
 The field is invariant azimuthally, so ( ) exp( )g i = , where 𝜈 is an integer so that the 
term has a period of 2𝜋. When 𝜈 = 0, the field is symmetric in the azimuthal direction. When 𝜈 ≠
0, the field has 2𝜈 zero-crossings for angles within [0, 2𝜋). Submitting these dependencies into 




( ) 1 ( )
( ) 0
d f r df r
n k f r




+ + − − = 
 
.  (8) 
The solutions for 𝑓(𝑟) in Equation (8) are Bessel functions. Separate expressions need to be found 
for the core region (𝑛 = 𝑛1, 𝑟 ≤ 𝑎) and cladding region (𝑛 = 𝑛2, 𝑟 ≥ 𝑎). Setting 𝑛1
2𝑘0
2 − 𝛽2 = 𝑝2 
and 𝑛2
2𝑘0
2 − 𝛽2 = −𝑞2, the solutions are 
( ) ( )f r AJ pr=  r a , 
( ) ( )f r BK qr=  r a , 
   (9) 
 (10) 
where 𝐴 and 𝐵 are constants and 𝐽𝜈 and 𝐾𝜈 are Bessel functions of the first and modified second 
kind, respectively. 
If the weakly guiding approximation holds, the field is continuous at the core/cladding 
interface, so 𝑓(𝑟) and its derivative, 𝑑𝑓(𝑟)/𝑑𝑟, can be matched at 𝑟 = 𝑎: 
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 ( ) ( )AJ pa BK qa = , 
 ' '( ) ( )ApJ pa BqK qa = . 
  (11) 
  (12) 
Setting the ratios of these equations equal and multiplying both sides by 𝑎 yields 
' '( ) ( )
( ) ( )
J pa K qa
pa qa
J pa K qa
 
 
= ,  (13) 
which can be further simplified using properties of Bessel functions: 
1 1( ) ( )
( ) ( )
J pa K qa
pa qa
J pa K qa
 
 
 =  .  (14) 
The signs in Equation (14) must remain consistent. This equation is transcendental and can be 
solved graphically for linearly polarized modes, LP𝜈𝑙, where 𝜈 is defined as before and 𝑙 is the 
allowed value of 𝑝𝑎. The smallest solution for 𝑝𝑎 has 𝑙 = 0, the next largest value has 𝑙 = 1, and 
so on. While 𝜈 describes the number of zero crossings in the azimuthal direction, 𝑙 describes the 
crossings in the radial direction.  
Another term of importance is the normalized frequency, 𝑉, which is defined as  
2 2 2( ) ( )pa qa V+ = .  (15) 
The core radius, wavelength (𝜆), and NA can also define 𝑉. The condition for single-mode 







=  .  (16) 
The larger the value of 𝑉, the more modes that can be guided in the waveguide. Consequently, the 
number of allowed modes increases with core radius and numerical aperture and decreases with 




The first few LP modes in fiber were simulated and the results are shown in Fig. 3. In 
single-mode fiber, only the LP01 mode propagates, and the field is strongest in the center. The 
intensity is the electric field squared. The 2D intensity profiles demonstrate how the energy in 
higher-order modes is distributed farther away from the center of the core. Sometimes these modes 
are undesirable, so atypical fiber structures such as a D-shaped cladding will disrupt radial 
symmetry and prevent higher-order modes from propagating. For applications that are sensitive to 
field polarization, polarization-maintaining fibers with high birefringence, such as PANDA fibers, 
are used [14]. 
 
Fig. 3. Normalized fields, intensities, and 2D intensity plots of the first four fiber modes. This 
MATLAB simulation is for a 20 μm diameter core and the core/cladding interface is marked 




The assumption for LP modes only remains true when the weakly guiding approximation 
is valid. As the difference between core and cladding indices grows, the electromagnetic field 
begins to have an axial component and each LP mode splits into its degenerate constituents: 
transverse magnetic (TM), HE, EH, or transverse electric (TE) modes. The hybrid modes, HE and 
EH, are named depending on whether the mode is more “TM-like” or “TE-like”, respectively. LP0n 
modes are entirely formed from HE1n modes. LP1n modes are comprised of TE0n, TM0n, and HE2n 
modes. For the remaining LPνn modes, the components are HE(ν+1)n and EH(ν-1)n.  
 
1.3 Signal Distortion 
 
A digital signal transmitted through fiber undergoes distortion through attenuation and 
dispersion. While ray optics is useful for describing light confinement and wave optics explains 
mode distribution, photon optics best describes how light is attenuated in a fiber. The causes of 
attenuation are mainly material-based and will be related to silica for this discussion. The optical 
loss of a material can be described by three main mechanisms in Equation (17) [15]: 
4/
a c
Ae B Ce  
−
= + + .  (17) 
In this case, the values 𝐴, 𝑎, 𝐵, 𝐶, and 𝑐 can be thought of as arbitrary coefficients. The first term, 
𝐴𝑒
𝑎
𝜆, represents ultraviolet absorption because it is only significant for shorter wavelengths. The 
second term, 𝐵/𝜆4, is Rayleigh scattering and is also stronger for shorter wavelengths. The third 
term, 𝐶𝑒−
𝑐
𝜆, is infrared absorption, which increases with wavelength.  
Photon absorption takes place when the photon has an energy that matches the difference 
between an occupied and unoccupied energy state in the material. In silica, the electronic state 
energy differences correspond to ultraviolet wavelengths. This attenuation slope extends into the 
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near infrared wavelength region. The energy differences for vibrational and rotational states 
correspond to infrared wavelengths beyond 1.6 μm. Therefore, the ideal wavelength for 
communication lies in the valley between these two limits. Fig. 4 shows the loss spectrum in this 
area of interest. 
 
Fig. 4. Silica attenuation spectrum showing three transmission windows of interest (from [16]). 
 
Glass is an amorphous material. This prevents second-order nonlinear effects but leads to 
scattering in directions other than the direction of propagation. In between the ultraviolet and 
infrared absorption limits, there is a transparent region where Rayleigh scattering is the dominant 
source of loss. Rayleigh scattering is the result of changes in material density that are much smaller 
than the signal wavelength. Density variation is inherent to glass, so Rayleigh scattering represents 
a limit on the minimum loss. As seen in Equation (17), Rayleigh scattering decreases quickly with 
wavelength. For this reason, much focus on low-loss fiber is dedicated to reducing infrared 
absorption and operating at longer wavelengths. For example, ZBLAN (ZrF3-BaF2-LaF3-AlF3-
NaF) glass has lower multiphonon energy compared to silica due to the weaker force on fluoride 
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ions. This red-shifts the infrared absorption limit by about 1 μm. Fluoride glass also lacks 
attenuation from hydroxyl (OH) groups and has a lower Rayleigh scattering limit. As a result, 
ZBLAN glass has a theoretical minimum attenuation of 0.01 dB/km as opposed to silica’s 
minimum of 0.2 dB/km [15].  
 The attenuation spectrum for silica in Fig. 4 is marked with the three most common 
transmission windows. Historically, 850 nm was used in the 1970s to match GaAs bandgap 
materials that were readily available. This transmission window is mostly used today in 
conjunction with vertical cavity stimulated emission lasers (VCSELs) for high-speed data center 
applications. The next two transmission windows are at local absorption minima near 1300 nm 
and 1550 nm. As explained later, 1300 nm band in silica is advantageous for its low dispersion. 
The 1550 nm band has the lowest attenuation and can be conveniently used with erbium-doped 
fiber amplifiers (EDFAs).  
There are several other sources of attenuation that are independent of the desired base 
material. Impurities such as hydroxyl groups or transition metals can arise during the fabrication 
process. Bending loss occurs when the fiber curvature is tight enough to prevent total internal 
reflection. At a critical bending radius, light in the outer region of the bend has a phase velocity 
that exceeds the plane wave velocity in the cladding and light radiates out of the core. 
Microbending involves random, high frequency bends in the fiber. These bends result from 
mechanical stress and can cause light from guiding modes to couple into radiative modes. When 
two fibers are spliced together, loss can arise from misalignment, differences in fiber angles, 
mismatched core sizes, or different numerical apertures [16].  
 While attenuation reduces the magnitude of the lightwave signal, dispersion is the lossless 
redistribution of signal energy that distorts the normalized shape of a pulse. Several dispersive 
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processes exist that cause a light pulse to broaden in time as it travels through fiber. Broader pulses 
in turn limit the available bit rate for sending information. The effect of dispersion is negligible 
for short distance applications but becomes an issue in long distance communications. One type 
of dispersion is intermodal dispersion. Using ray optics, a ray of light will propagate through the 
fiber at different speeds depending on the launch angle. For example, light traveling along the 
longitudinal axis of the fiber will reach the end of a segment faster than light continuously crossing 
through the core and reflecting off the core/cladding interface. When light is coupled into a fiber, 
it enters at multiple angles. From a wave optics perspective, light is coupling into multiple modes 
and each mode has a different group velocity for a specific frequency. The best way to counteract 
intermodal dispersion is simply by reducing the number of modes allowed in the fiber by adjusting 
the parameters for 𝑉 in Equation (16). 
 Intramodal dispersion (dispersion within a single mode) is the result of group velocity 
changing with wavelength or polarization. Two main categories are chromatic dispersion, which 
in turn is comprised of material dispersion and waveguide dispersion, and polarization mode 
dispersion. Material dispersion is a consequence of a material’s refractive index changing with 
wavelength, so dispersion is weaker when a narrow span of wavelengths is propagating in the 
fiber. A light source is designated by its peak wavelength, but the spectral output includes a range 
of wavelengths. The refractive index of silica decreases with wavelength, so longer wavelengths 
have a higher group velocity in most fibers. This is known as normal dispersion, whereas a medium 
with an index that increases with wavelength exhibits anomalous dispersion.  







= ,  (18) 
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where 𝑐 is the speed of light in a vacuum. The group index, 𝑁(𝜆), describes the group velocity of 
the complex pulse envelope as it propagates. The dispersion factor is proportional to the derivative 
of the group index with respect to wavelength, so normal dispersion has a negative dispersion 
factor and anomalous dispersion has a positive dispersion factor. 𝐷𝜆 is in units of ps/nm-km, so 
the temporal pulse broadening is given by  
t D L  =   ,  (19) 
where ∆𝜆 is the linewidth in nm and 𝐿 is the length in km. The linewidth is defined as the full 
width at half maximum (FWHM) of the spectrum line shape. One of the advantages of lasers is 
their narrow linewidth. For example, the 1550 nm laser used in this study has a linewidth of 100 
kHz, or about 0.8 fm. 
The relationship between the propagation constant and wavelength gives rise to waveguide 
dispersion. In a low-loss fiber (𝛼 ≈ 0), the propagation constant,  𝛽, is the phase shift in radians 
per meter along the fiber. Since mode structure varies with wavelength, a range of input 
wavelengths will produce a range of propagation constants. Both forms of chromatic dispersion 
(material and waveguide) are shown in Fig. 5, as well as their combined dispersion factor. At 1310 
nm in the figure, the two types of dispersion cancel each other out, making it a transmission 
window of approximately zero dispersion. At other wavelengths, the best way to reduce chromatic 
dispersion for a fixed length is to use a source with as narrow a linewidth as possible, as shown in 
Equation (19). A transmission process known as chirp can also be employed. If a system is 
operating in the normal dispersion region, the higher frequencies (shorter wavelengths) have a 
larger group delay and can be sent first so that they arrive at the same time as lower frequencies. 




Fig. 5. Chromatic dispersion curves for silica (from [16]). 
 
Polarization dispersion is caused by birefringent materials, so that the different polarization 
states of light are separated during propagation. These effects become an issue in commercial fiber 
at data speeds that are over 10 Gb/s. The solution to this type of this dispersion is to reduce 
birefringence in the fiber. Other alterations to fibers have been successful in dispersion 
compensation as well. By tailoring the RIP, the zero-dispersion point in Fig. 5 can be shifted to 
other wavelengths or the dispersion curve can be flattened. Fiber also allows the bit rate to be 
increased through methods other than higher pulse frequencies. Different signals can be sent on 
separate wavelengths in wavelength division multiplexing (WDM), and more channels are 
available in multicore fibers. If the requirement for data capacity is not demanding, 1550 nm is an 
ideal wavelength for its low attenuation. As discussed in the following chapter, EDFAs are an 
effective method for amplification in fiber optic links in this low attenuation band. 
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CHAPTER 2: ERBIUM-DOPED FIBER AMPLIFIERS 
 
2.1 Amplification Mechanism 
 
The first fiber systems in the 1980s required repeaters every 10 km, which was still a 
significant improvement over the 1 km spacing required for coaxial systems. Repeaters increase 
the complexity of an optical link because they convert an optical signal into an electrical signal 
and subsequently regenerate the optical signal. The duration of this process can limit the bit rate. 
If a fiber is using WDM, each wavelength requires its own repeater, which quickly becomes 
expensive to implement. The development of commercial fiber amplifiers, starting in 1989, 
allowed multiple wavelengths to be amplified concurrently within a fiber without the need to 
convert between optical and electrical signals. Several rare earth ions can be doped into the fiber 
for this purpose, such as thulium and ytterbium, but the focus of this study is on erbium due to its 
emission at 1550 nm. 
 
Fig. 6. Single-stage fiber amplifier configuration. 
  
A single stage of a fiber amplifier is shown in Fig. 6. In an EDFA, the signal source is 
operating at 1550 nm. The lightwave passes through an isolator, which prevents any reflected light 
from damaging the laser. An isolator can be placed at the end of the stage for the same purpose, as 
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well as to prevent oscillation. For the signal to be amplified and gain energy, there must be an 
additional source of energy. This comes from the semiconductor laser diode pump. The pumps in 
this study emitted light close to 980 nm. Shorter wavelengths contain more energy, so the pump 
wavelength of any fiber amplifier must be less than the signal wavelength. Diode sources are also 
available at 850 nm and 1490 nm for pumping EDFAs, but 850 nm is less efficient and 1490 nm 
yields a lower gain coefficient than 980 nm. The pump and the source, also called the seed, are 
coupled together and sent into the erbium-doped gain medium. Doped fibers that are commercially 
available have optimal amplifying lengths of a few meters. Energy is transferred from the pump 
to the signal via stimulated emission, and the amplified 1550 nm lightwave exits the amplifier. As 
was done in this experiment, multiple EDFA stages can be cascaded together for higher gains.  
 The amplification process in the gain medium can be explained using photon optics. The 




= = ,  (20) 
where ℎ is equal to Planck’s constant (6.626 ∗ 10−34 J-s), and 𝑓 is the frequency. Each atom has 
a discrete set of energy levels that correspond to excited ionic states. If an incident photon has the 
same amount of energy as the energy difference between two levels, absorption can take place and 
the electron is promoted to a higher level. The power absorbed by an ion is proportional to the 
incident light intensity at a particular wavelength, as seen in Equation (21) [17]: 
12absP I= .  (21) 
The absorption cross section, 𝜎12, describes the ability of an ion to absorb light between energy 




Similarly, an electron can transition to a lower energy level and emit a photon equal to the 
energy difference. This can either happen spontaneously, which contributes to noise, or can be 
stimulated by the presence of a photon. When a photon with energy 𝐸2 − 𝐸1 and an ion with 
excited state 𝐸2 interact, an electron transitions from 𝐸2 to 𝐸1 while emitting a photon identical to 
the incident photon. These two photons have the same frequency, phase, polarization, and direction 
of propagation. Like absorption, the power emitted by an ion is the product of intensity and an 
emission cross section, 𝜎21 [17]: 
21emP I= .  (22) 
 
Fig. 7. Energy levels of an Er3+ ion in silica (values from [18]). 
 
For a system with a population of 𝑁2 in the upper state and 𝑁1 in the lower state, the change 
in light power traveling through the medium is [17] 
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2 21 1 12( )em absP P P N N I  = − = − .  (23) 
The glass in fiber is amorphous with random positioning of erbium ions, so the local field for each 
erbium ion varies. Consequently, the values of energy levels slightly differ between ions. In this 
way, each energy level represents a manifold of wavelengths (this is also known as Stark splitting). 
One would expect the cross sections 𝜎12 and 𝜎21 to be equal, but the thermal energy distributions 
across these sublevels of energy states can cause them to differ. For erbium-doped fibers, the 
absorption and emission cross sections are on the order of 0.1 pm2 [18]. The relevant cross section 
peaks for this study occur near 980 nm and 1530 nm, which correspond to the energy state structure 
of Er3+ ions in silica. 
The energy level diagram in Fig. 7 indicates some key transitions for Er3+. The wavelengths 
in the GSA (ground state absorption) column indicate the energy distance from the ground state, 
4I15/2.  According to Equation (20), smaller wavelengths are higher in energy and correspond to the 
largest transitions in the diagram. Amplification by stimulated emission relies on population 
inversion, 𝑁2𝜎21 > 𝑁1𝜎12, so that the net power change in Equation (23) is positive. The additional 
power from stimulated emission must also be enough to overcome other sources of loss in the 
fiber.  
As noted in Fig. 7, the energy difference between 4I13/2 and 
4I15/2
 corresponds to 
approximately 1530 nm. While this study used 980 nm to pump electrons to 4I11/2, an 850 nm pump 
can excite the upper state 4I9/2 and a 1490 nm pump can directly excite 
4I13/2. The 1530 nm transition 
is used in telecommunications to amplify wavelengths in the conventional band (C-band) of 1530–
1565 nm and the long-wavelength band (L-band) of 1565–1625 nm. Fig. 8 shows the distribution 
of telecommunication wavelength bands, also including the original band (O-band), extended band 
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(E-band), and short-wavelength band (S-band). Beyond the L-band is the ultra/extra long-
wavelength band (U/XL-band), which is generally avoided because of high attenuation.  
 
Fig. 8. Near-infrared wavelength band designations for telecommunications (from [19]). Systems 
using dense WDM (0.2 nm separation) operate in the C-band and lower L-band, where EDFAs 
are most efficient. 
 
Electrons in upper states will automatically decay to unoccupied states below them. These 
transitions have natural lifetimes that dictate how long an upper state stays excited. The 
amplification process is a three-level system. When a 980 nm pump is used, carriers are pumped 
to 4I11/2, have fast phonon decay to 
4I13/2, and transition to 
4I15/2 via stimulated emission. Equations 
(21)–(23) are a simplified two-level model that assumes the pump directly populates 4I13/2. In 
practice, it is essential to have three levels so that population inversion can be achieved. A two-
level system where the pump and emission are the same wavelength will not be able to excite the 
upper state beyond 𝑁2𝜎21 = 𝑁1𝜎12. Although an EDFA with a 1490 nm pump excites and emits 




A long radiative lifetime from the 4I13/2 state is desired so that there is ample time for 
stimulated emission to occur. For erbium in silica, the 10 ms lifetime of 4I13/2 is significantly long 
and results in a low pump threshold for inversion. Any state with a relatively long lifetime, such 
as 4I13/2, is known as metastable. Another advantage of erbium is the lack of energy levels between 
the metastable and ground state, which would provide an alternate decay path and decrease the 
lifetime. Fiber is a good host for an amplifier because it has small dimensions that lead to high 
intensities, which makes population inversion achievable with small pump powers. 
 
Fig. 9. Luminescence caused by upconversion in three EDFAs. 
 
Any transfer of energy that does not follow the three-level pathway is an inefficiency of 
the system. This includes spontaneous emission and relaxation from the metastable state to the 
ground state. While spontaneous emission is radiative and adds to lightwave noise, multiphonon 
emission is the result of nonradiative relaxation where the energy is given off as heat. 
Alternatively, an excited ion can increase energy. The second column in Fig. 7 indicates excited 
state absorption (ESA) wavelengths. These are the wavelengths that will excite an electron from 
the metastable 4I13/2 state. For example, when an 850 nm pump is used, a second photon can 
upconvert an electron to the 4H11/2 level, at which point it will decay to 
4S3/2 and emit green light 
21 
 
near 550 nm. As seen in this study, two-photon absorption at 980 nm followed the dashed path in 
Fig. 7. Electrons were promoted from 4I11/2 to 
4F7/2, decayed to 
4S3/2, and the fibers emitted green 
light as electrons radiatively decayed to the ground state (Fig. 9). This pathway is a significant 
inefficiency because two pump photons are lost.  
Other loss mechanisms involve energy transfer between nearby ions in the material. Ion-
ion interactions are especially strong in fibers with high concentrations of rare earth ions like the 
ones in this study. At this point, it can no longer be assumed that each ion is an independent site 
for amplification. There are four main pathways involving ion-ion interactions [17]. In the resonant 
case, an excited ion excites a ground-state ion and the energy transfer is lossless. Nonresonant 
transfers occur when an additional photon or phonon in the glass contributes to the difference in 
energy levels and a higher upper state is reached. In the third case, cooperative luminescence, two 
excited ions produce a single photon with twice as much energy. This is especially seen where 
erbium clustering is common. When the structure has two erbium ions per cluster, the loss of 
energy is known as pair-induced quenching (PIQ). The addition of aluminum has been seen to 
produce solvation shells that accept ions and prevent clustering [20]. Aluminum doping is one of 
the benefits of YAG-derived glass. Lastly, a cooperative absorption pathway in Er3+ involves an 
excited ion at 4I13/2 transferring its energy to another ion at 
4I13/2, promoting it to 
4I9/2. The second 
ion then quickly decays back down to 4I13/2 via 
4I11/2. 
The maximum efficiency of an amplifier is determined by the quantum defect (QD) of the 
system. The QD of an optical amplifier is equal to 1 − 𝜆𝑝/𝜆𝑠, with 𝜆𝑝 and 𝜆𝑠 being the pump and 
signal wavelengths, respectively.  In a typical setup, the pump photons will need to have higher 
energy and a shorter wavelength than the signal, resulting in a QD between 0 and 1. The energy 
difference between the signal and pump photons is an unavoidable loss during the fast phonon 
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decay to the metastable state. From this perspective, a QD as low as possible is ideal, which means 
pumping the system close to the signal wavelength. In addition to increased efficiency, low QD 
systems have better thermal properties. Less energy is dissipated as heat during phonon decay, 
avoiding the need for expensive cooling systems and preventing transverse mode instability (TMI).  
The QD is not the only factor that is considered when selecting a pump wavelength. For 
EDFA pumps, 850 nm has the largest QD as well as a high chance of ESA, 980 nm has a large QD 
and a lower chance of ESA, and 1490 nm has a small QD and the lowest chance of ESA (which 
would require three-photon absorption). A limit on 1490 nm pumping is the availability of high-
power lasers at this wavelength. This study used a 980 nm pump, meaning that the QD is 36.8% 
and the highest efficiency that can be achieved is 63.2%. In practice, the efficiency is lower than 
the QD limit due to the loss mechanisms in the glass that have been previously discussed. For 
example, an ytterbium-doped fluorosilicate fiber with less than 1% QD has been demonstrated 
with a slope efficiency of 62.1% [21].  
 
2.2 Stimulated Brillouin Scattering 
 
Amplifier spacing is dependent on how powerful the signal can be amplified in each EDFA. 
An EDFA can be pumped until the upper state is saturated, and a cascade of EDFAs can be used 
to increase the maximum gain. However, when a signal becomes too strong, it initializes stimulated 
Brillouin scattering (SBS). Brillouin scattering is an acousto-optic effect arising from phonon 
waves in the material. These acoustic waves are randomly generated from thermal energy in glass. 
A signal with free-space wavelength 𝜆0 will be backscattered by acoustic wavelengths that meet 
the Bragg condition: 𝜆𝑎 = 𝜆0/2𝑛𝑒𝑓𝑓. This acoustic wave is longitudinal and causes modulations 
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in pressure along the fiber. The periodic pressure corresponds to a periodic refractive index that 
acts as a weak Bragg reflector. In silica, positive pressure on an area raises that region’s index. 
The relevant signal and acoustic waves propagate in the same direction. Due to the Doppler 
effect, the reflected lightwave is downshifted by the Brillouin frequency, 𝜈𝐵 = 𝑉𝑎/𝜆𝑎. The acoustic 
velocity, 𝑉𝑎, in silica is approximately 5970 m/s, so the shift for a 1550 nm signal is approximately 
11 GHz. This shift is closer to 11.5 GHz in YAG-derived fibers [22]. Due to third-order nonlinear 
effects, the incoming lightwave and backscattered lightwave will interfere and strengthen the 
acoustic wave through electrostriction. Once a certain threshold is reached, the process becomes 
self-reinforcing. At this point, SBS is taking place and a significant amount of light is being 
reflected backwards. The reflected light can become so strong that it creates another instance of 
SBS and backscatters again. The positive feedback loop of SBS has been used in the creation of 
lasers with ultranarrow linewidths on the order of 10 Hz [23] [24]. The phenomenon of 
compounding SBS has been leveraged in multi-wavelength Brillouin fiber lasers [25]. However, 
for telecommunication purposes, SBS is a phenomenon to be avoided. 
The threshold for the onset of SBS is determined by a combination of material and 














,  (24) 
where 𝑝12 is the photoelastic coefficient along the fiber axis, 𝜌 is the glass density, and ∆𝜈𝐵 is the 
Brillouin linewidth. In silica fiber, 𝑝12 = 0.271 and in YAG-derived fibers, a rough estimate of 
the photoelastic coefficient is 𝑝12 = 0.022. The Brillouin linewidth is proportional to the acoustic 
attenuation in the fiber and is on the order of 10 MHz for erbium-doped fiber pumped at 980 nm 
[27]. For silica fiber, the value of 𝑔𝐵 is approximately 2.5 × 10
−11 m/W, while the value of 𝑔𝐵 
for YAG-derived fibers is estimated to be 0.49 × 10−11 m/W. The reduced gain coefficient in 
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YAG-derived fibers is the result of the low photoelastic coefficient as well as a broader Brillouin 
linewidth [22]. The approximate threshold for Brillouin scattering is inversely proportional to the 








= ,  (25) 
where the threshold is reached when the scattered power is equal to the signal power at the input 
to the fiber. The other terms in Equation (25) are the effective mode area, 𝐴𝑒𝑓𝑓, and the effective 
length, 𝐿𝑒𝑓𝑓 = (1 − exp(−𝛼𝐿))/𝛼. This equation works well for standard silica fibers but the 
coefficient of 21 can vary for fibers with experimental compositions. 
 Increasing 𝑃𝑡ℎ
𝑆𝐵𝑆 in erbium-doped fibers presents a unique challenge. Equation (24) is true 
for lasers with narrow linewidths, but 𝑔𝐵 begins to scale by the factor ∆𝜈𝐵/(∆𝜈𝐿 + ∆𝜈𝐵) as the 
laser linewidth, ∆𝜈𝐿, increases. An approach to maximizing the SBS threshold would therefore 
seem to be using a broad source for the signal. The drawback to this approach is the relationship 
between dispersion and linewidth established in Equation (19). A way to circumvent this issue is 
to use laser dithering, where the linewidth of the laser remains narrow, but randomly shifts its 
center wavelength by a small amount to prevent buildup of Brillouin scattering. However, 
dithering did not have a significant effect on the SBS threshold in this study due to the broad 
Brillouin linewidth of YAG-derived fibers. For easier measurement of 𝑔𝐵, a narrow linewidth 
signal source was used so that the factor ∆𝜈𝐵/(∆𝜈𝐿 + ∆𝜈𝐵) was negligible. 
Fiber properties can also be altered to limit SBS. The photoelastic constant, 𝑝12, describes 
the effect of pressure on the refractive index. This constant can have either a negative or positive 
value depending on the material, so the addition of select dopants (e.g., Al2O3, La2O3, BaO, SrO, 
MgO, Li2O, and Na2O) can target a value of zero [26]. If the fiber is made with a larger core, the 
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effective modal area is increased. Nonlinear effects like SBS depend on high intensities, so 
distributing the field over a larger area will decrease the intensity and raise the SBS threshold. 
 The active fibers in this study were doped with increasingly high amounts of erbium. The 
high density of rare earth ions is expected to have strong amplification per meter from the many 
Er3+ sites available for stimulated emission. This lowers the required length of active fiber, and 
consequently 𝐿𝑒𝑓𝑓. In this way, high doping concentrations achieved for this study have the 
potential for large 𝑃𝑡ℎ
𝑆𝐵𝑆 values. While EDFAs have been produced for several decades and many 
studies have been done on Er:YAG-derived fibers, this is the first work to examine how properties 
of Er:YAG-derived fibers change with erbium concentration. The techniques for fabricating these 




CHAPTER 3: FABRICATION OF ER:YAG-DERIVED FIBERS 
 
3.1 MCM Process 
 
Most silica-based optical fibers are created through chemical vapor deposition (CVD) 
methods. During CVD, a mixture of impurities is deposited inside of a pure silica tube. Germania 
is commonly used for raising the core refractive index, but other compounds are effective at 
achieving a guiding index profile. For example, the cladding index can be lowered by depositing 
other dopants such as B2O3 and fluorine [26]. Dopant concentration can be gradually adjusted to 
form graded-index fibers as discussed previously, and dopants can be alternated to create more 
complex RIPs such as W-type fibers, where the outer core index is lower than that of both the inner 
core and the cladding. After deposition, the tube is collapsed into a preform and loaded into a 
vertical draw tower. 
From the top to bottom, a fiber draw tower consists of a furnace, an acrylate resin 
applicator, UV curing lamps, and a rotating system to collect the fiber. The furnace lowers the 
preform’s viscosity and has a temperature that is adjusted based on the size of the preform and 
desired draw tension. The draw temperature for silica fibers is usually 2000 ℃ and has an upper 
limit based on the boiling point of silica at 2230 ℃. As the fiber is pulled from the preform, 
equipment is in place to measure the diameter for uniformity before and after the polymer coating. 
This coating, also known as the buffer, provides protection to the fiber from strain and abrasion. 
In telecommunication applications, the buffer has a larger refractive index than the cladding to 
couple unwanted light out of the cladding. At the bottom of the draw tower, the fiber is collected 
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onto a spool. Commercial fiber undergoes additional jacketing for stronger environmental 
protection. The fiber jacket is usually several millimeters thick and made of plastic [16].  
 
Fig. 10. (a) Diagram of MCM (from [28]) and SEM micrographs of MCM fibers used in this 
study: (b) 1% Er, (c) 2% Er, (d) 4% Er, and (e) 5% Er. 
 
CVD has practical limitations on the dopant concentrations that can be achieved. In order 
to better obtain the variety of erbium concentrations used in this study, the molten core method 
(MCM) was employed [29]. The simplicity of the process allows long fiber lengths with high 
doping concentrations to be drawn for both amorphous and crystalline materials. As seen in Fig. 
10(a), the fiber preform consists of a hollow silica cladding tube filled with a solid core precursor 
phase. For the fibers in this study, the precursor core phase was an erbium-doped yttrium aluminum 
garnet (Er:YAG) glass rod. Previous studies have shown that MCM fibers made with a crystalline 
YAG precursor have amorphous cores [30]. At the same temperature as the draw temperature for 
silica, the core material becomes molten and is pulled into the fiber during the draw. As opposed 
to the silica host being doped in CVD, the cladding material dissolves into the core during MCM. 
The longer this interaction takes place, the more the core is diluted with silica. In this way, the 
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original core precursor materials are more diluted at the end of the draw. Like other draw processes, 
MCM fiber cores decrease in diameter from the beginning to the end of the draw. 
 
3.2 Fiber Compositions and RIPs 
 
TABLE 1  
ER:YAG-DERIVED FIBER DRAWS 
Fiber Spool Position (m) Core Diameter (𝝁𝒎) 
1% Er:YAG 
I 0–115 30–18 
II 115–265 18–14 
III 270–420 13–11 
IV 420–575 11–10 
2% Er:YAG 
I 0–125 24–17 
II 125–275 17–14 
III 275–425 14–11 
IV 425–575 11–8 
V 575–725 8–4 
4% Er:YAG 
I 0–150 35–17 
II 150–300 17–12 
III 300–450 12–10 
IV 450–600 10–9 
V 600–750 9–6 
VI 750–900 6–5 
5% Er:YAG 
I 0–150 38–19 
II 150–300 19–15 
III 300–450 15–10 
IV 450–600 10–9 
V 600–750 9–7 
VI 750–900 7–3 
 
 
YAG (Y3Al5O12) is an effective crystalline precursor for fibers made with MCM. Yttrium 
and aluminum have been shown to reduce the Brillouin gain coefficient for SBS [22] as well as 
limit upconversion in glass [31], making YAG an advantageous material for fiber amplifiers. In 
the MCM process for this study, Er-doped YAG rods of varying erbium concentrations were cut 
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from bulk Er-doped YAG glass to be the core precursor phase. The melting point for YAG is 1950 
℃, which is lower than the 2000 ℃ draw temperature for the silica cladding [28]. The molten YAG 
and erbium were randomly distributed in the core as the fibers were drawn. Four fiber draws were 
conducted using 1%, 2%, 4%, and 5% (in weight percentage) Er-doped YAG rods cut from bulk 
glass. The resulting spools are recorded in Table 1. 
 
Fig. 11. Compositional linescans of experimental (a) 1% Er:YAG, (b) 2% Er:YAG, (c) 4% 




 The effectiveness of MCM is demonstrated by the nearly 1 km draw length of the four 
specialty fibers. From Table 1, the core diameter is confirmed to decrease during the draw process 
as the preform is depleted. One of the goals for this experiment was to compare fibers that only 
varied in erbium concentration, so spools with similar core diameters were selected for the main 
measurements. The four spools that were fully characterized were 1% Er:YAG Spool IV, 2% 
Er:YAG Spool IV, 4% Er:YAG Spool IV, and 5% Er:YAG Spool IV. Each of these spools 
contained a length of fiber with a 10 μm core diameter that was located near the end of the draw 
length. Images of the four fiber cross sections are displayed in Fig. 10(b)–(e), and the complete set 
of cross section images can be found in Appendix A. The fiber cores for all draws have a slightly 
elliptical shape defined by a clear boundary at the interface with the cladding. 
 
Fig. 12. A closer look at erbium oxide composition between fibers. 
 
The compositional weight percentages of the Er:YAG fibers were measured with energy-
dispersive X-ray spectroscopy (EDS). The compositions (with the exception of erbium) were 




















 1% Er:YAG Ox%
 2% Er:YAG Ox%
 4% Er:YAG Ox%
 5% Er:YAG Ox%
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uniform in the bulk glasses and the drawn fibers. Linescans were performed across the core of 
each fiber, and the measured oxide percentages are presented in Fig. 11, with a closer examination 
of erbium oxide in Fig. 12. EDS results for the bulk glass compositions are presented in Appendix 
B. The shape and relative percentages of yttria, alumina, and silica remain nearly identical between 
fibers. The 2% Er:YAG fiber in Fig. 11(b) has a wider composition profile due to a slightly larger 
core diameter. Although the fibers in this study are referred to by their weight percentage in the 
original Er:YAG bulk glass, the core was diluted with silica during the MCM process so that the 
erbium weight percentage was reduced by approximately a factor of three.  
 
Fig. 13. Linescan of incremental refractive indices. The relative indices were determined through 
a spatially resolved Fourier transform method [32]. The cladding extends to ±62.5 μm (not 
shown). 2D RIP data can be seen in Appendix D. 
 
The relative refractive indices of the four test fibers are plotted in Fig. 13. In general, the 
fibers exhibit the same RIP shape and magnitude with no discernable trend for erbium percentage. 
The widths vary slightly since the core cross section is not perfectly circular. If the cladding is 
























assumed to be pure silica with an index of 1.444, the core indices are approximately 1.544 at their 
peaks. This is a significant difference between indices compared to the ~0.001 difference seen in 
commercial fiber with a germania-doped core. This also results in a large NA of 0.55, meaning 
that higher-order modes can be confined in the fiber. The graded index is the result of silica 
diffusion decreasing towards the center of the fiber. A simplified simulation for these fiber 
parameters returned 19 allowed LP modes for 1550 nm light (Appendix C). The high index contrast 
is close to violating the weakly guiding condition, so LP modes will begin separating into 
degenerate modes with axial components.  
The linescans of erbium oxide in Fig. 12 confirm that increasing erbium in the bulk glass 
will transfer to a higher erbium density in the fiber. The following method used the erbium oxide 
percentage in the core to calculate erbium concentration in ions/m3. The molar mass of erbium is 
167.26 g/mol, and the molar mass of oxygen is 16.00 g/mol, so the molar mass of erbium oxide, 
𝑀𝑀Er2O3, is 382.52 g/mol. Each oxide’s molar percentage can be calculated for an arbitrary 





















The total mass of a material for one mole is 
( )
2 3 2 3 2 3 2, , ,
%tot i i
Er O Y O Al O SiO
m M MM=  ,  (27) 
and the glass density at a particular location is 
( )
2 3 2 3 2 3 2, , ,
glass i i
Er O Y O Al O SiO
  =  ,  (28) 
where 𝜑𝑖 is the molar volume fraction and 𝜌𝑖 is the density of the oxide in glass. The mass density 
of amorphous silica is 2200 kg/m3, but the density at the center of each core was closer to 2700 
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kg/m3 from the addition of Er:YAG. Finally, the concentration of erbium ions per m3 can be 
estimated as  
( )
2 3






   
= .  (29) 
𝑁𝐸𝑟 is also referred to as the number density. Equation (29) includes a factor of 2 due to the two 
erbium atoms present in each molecule of erbium oxide, and 6.022 × 1023 is Avogadro’s number.  
 The EDS measurements from Fig. 11 provide a quick insight into relative compositions, 
but wavelength-dispersive X-ray spectroscopy (WDS) can produce more accurate results. For this 
reason, a WDS measurement was made on the 2% Er:YAG fiber (Appendix E). The WDS 
measurement established a baseline erbium concentration from which the EDS measurements 
could be adjusted. Assuming the intensity distribution of modes in a multimode fiber follows the 
RIP in Fig. 13, the average erbium concentration seen by light in the fiber is  
0
0














.  (30) 
Using Equations (26)–(30) and adjusting values to the WDS baseline, the effective average erbium 
concentrations are 2.58 × 1025 ions/m3, 5.60 × 1025 ions/m3, 11.1 × 1025 ions/m3, and 
15.2 × 1025 ions/m3 for the 1%, 2%, 4%, and 5% Er:YAG fibers, respectively. Corresponding 
peak concentrations calculated from the composition data are 5.17 × 1025 ions/m3, 7.67 × 1025 
ions/m3, 12.5 × 1025 ions/m3, and 16.0 × 1025 ions/m3.  
These values of 𝑁𝐸𝑟 are much more difficult to obtain in traditional silica fibers made with 
CVD. Typical number densities for erbium-doped fibers made with CVD are on the order of 1024 
ions/m3 [33], although fiber with an erbium concentration as high as 3.2 × 1025 ions/m3 has been 
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previously reported [34]. Alternatively, direct nanoparticle deposition has produced fibers with 
concentrations up to 11.35 × 1025 ions/m3 [35]. A source of error when using Equation (30) arises 
from the elliptical core shape of the Er:YAG-derived fibers. The index and composition linescans 
bisect the core along paths of different width, so the integral is not a perfect overlap. It is also 
possible that the presence of leaky (lossy) modes causes the intensity distribution to be narrower 
than the RIP [36].  
 
3.3 Background Loss 
 
 
Fig. 14. Comparison of background loss for Er:YAG fibers.  
 
 Background loss in fiber is the attenuation that is independent of loss caused by absorption 
into the dopant energy levels. This could be the result of glass defects or transition metal impurities 
























that are present in the starting crystal or are introduced during fabrication. Background loss was 
measured for each fiber using a cutback method. A spectrum was recorded with ~2 m of fiber 
spliced between a white light source and an optical spectrum analyzer (OSA). Next, a known 
length of approximately 1 m was removed from the test fiber and a second loss spectrum was 
recorded for the remaining ~1 m. The difference between the spectra was divided by the removed 
length to obtain a background loss spectrum in dB/m. By taking the difference of two spectra, 
splice loss between the test fiber and patch cables was removed from the measurement so that the 
loss was entirely caused by the Er:YAG-derived material. Each measurement was performed three 
times for different lengths of fiber to ensure that splicing was consistent.  
The average background loss for each fiber is displayed in Fig. 14. The results give a flat 
estimate except for a peak near 1385 nm, which has previously been attributed to OH– group loss 
from residual water absorption in the as-grown crystal [30]. The same previous study fabricated 
an Er:YAG fiber from a 0.25% erbium-doped crystal that exhibited background loss near 0.2 
dB/m. All other variables held constant, background attenuation appears to be stronger in fibers 
made with higher erbium concentration. However, erbium is not the only variable source of loss 










 The relevant absorption peaks for erbium-doped fibers are near 980 nm and 1530 nm. To 
measure these, loss spectra for short fiber lengths were recorded with the OSA. The OSA was set 
to include the wavelength range of either 940–1020 nm, or 1400–1650 nm with a resolution 
bandwidth (RB) of 2 nm. Multimode patch cables with pigtailed ends were connected between a 
white light source and the OSA input. First, a baseline spectrum was recorded with just the patch 
cables spliced together. Next, an appropriate length of test fiber was spliced between the patch 
cables so that the loss would be measurable, but not below the noise floor of the OSA. After 
subtracting the loss spectrum from the baseline, the entire spectrum was adjusted to account for 
additional splice loss.  
Attenuation for a specific wavelength as the result of erbium ions can be defined using the 
Beer-Lambert law: 
LT e −= ,  (31) 
where 𝑇 is the transmittance, 𝐿 is the length, and 𝛼 = 𝜎12𝑁𝐸𝑟. Each point of the spectrum was 
divided by the known sample length to calculate the loss in dB/m. Next, the loss was converted 
into 𝛼 (𝛼 = ln[10𝛼𝑑𝐵/10]) and divided by the erbium concentration to obtain the absorption cross 
section. The calculated cross sections are shown in Fig. 15. They remain uniform with erbium 
concentration, which is to be expected as the cross section is related to the distribution of absorbed 
wavelengths at a single erbium site. The 980 nm and 1530 nm peaks are approximately 0.25 pm2 
and 0.63 pm2 with FWHMs of 22 nm and 75 nm, respectively. The high erbium concentrations 
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necessitated short sample lengths so that the absorption was within the dynamic range of the OSA. 
The ripple in Fig. 15(b) is the result of waveguide interference, which becomes stronger for shorter 
samples.  
 




 The emission cross sections for the 4I13/2 to 
4I15/2 transition were calculated from the 
emission spectra for the four fibers. For each measurement, a 976 nm laser diode running at 300 
mA was spliced to several centimeters of test fiber. A patch cable was positioned perpendicular to 
the fiber and connected to an OSA. While perpendicular light collection does not provide as strong 
a signal as splicing directly to the fiber end, it avoids errors caused by reabsorption of waveguided 
emission. The spectrum was recorded and averaged several times from 1450–1650 nm with 2 nm 
of RB and 2 pW of sensitivity. The 980 nm emission spectrum was considered negligible due to 
the relatively short lifetime of the 4I11/2 level. After normalization, the Füchtbauer-Ladenburg 

























where r  is the radiative lifetime (results for lifetime measurements are in Chapter 5).  
 
Fig. 16. Emission cross sections at the 1530 nm peak for Er-doped fibers. 
 
A comparison of the fiber emission cross sections is displayed in Fig. 16. Similar to the 
absorption cross sections, the emission cross sections did not vary significantly between erbium 
concentrations. The 1530 nm peak is approximately 0.65 pm2. In addition to the peak at 1530 nm, 
two other transition peaks from the 4I13/2 manifold can be seen near 1544 nm and 1557 nm. The 
1% Er:YAG plot is slightly noisier due to the lower concentration of erbium producing a weaker 
signal. The FWHM is approximately 42 nm, although EDFAs are still successfully used with 
wavelengths outside of this range (L-band). The combined absorption/emission cross section plots 
are shown for each fiber in Fig. 17. The peaks in each plot are aligned for wavelengths of 1530 nm 
































and greater. At wavelengths lower than 1530 nm, the 4I13/2 state will not emit photons as readily as 
absorb photons. This is because photons absorbed at these wavelengths are more likely to lose 
energy in phonon decay. This is what allows EDFAs to be pumped at 1490 nm within the same 
energy level while retaining population inversion. The overall smoothness of the graphs confirms 
the amorphous structure of the fiber cores, and the shapes are consistent with previously measured 
Er:YAG-derived fiber cross sections [30]. 
 




CHAPTER 5: UPPER STATE LIFETIMES 
 
5.1 Erbium Concentration Dependency 
 
 The radiative lifetime of the 4I13/2 metastable state has previously been stated to be 
approximately 10 ms, although this value can change with material. When there is a high 
concentration of erbium ions, ion-ion interaction leads to quenching and shortens the lifetime. 




















where 𝜏0 is the lifetime as ion concentration approaches zero and 𝑁𝑐 is a glass-type-dependent 
critical quenching concentration at which point the probability of emission is the same as 
nonradiative energy transfer. The value of 𝑁𝑐 ranges from 33 × 10
25 ions/m3 to  650 × 1025 
ions/m3 for silicate glass [18], which can be used as a starting point for Er:YAG-derived fibers. 
The lifetimes for the Er:YAG fibers are expected to follow the trend in Equation (33). 
 As shown in Fig. 18, each Er:YAG fiber was excited with a 976 nm laser diode and the 
emitted light was captured by an InGaAs avalanche photodiode (APD). Approximately 2 mm of 
test fiber was spliced to the laser output. This length was long enough to excite luminescence 
without attenuating the radiative decay or allowing distortion from propagating spontaneous 
emission. A current pulse of 300 mA was applied to the diode, which corresponded to 137 mW of 
optical power. The decay was recorded on an oscilloscope connected to the APD. Pulses were 
spaced far enough apart to gather at least 30 ms of decay data, which was averaged over several 
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periods. 1400 nm high-pass filters ensured that only the 4I13/2 to 
4I15/2 transition was being detected. 
The recorded data included a vertical shift that needed to be accurately removed. This was 
accomplished by plotting the natural logarithm of the normalized data and subtracting from the 
original decay curve until the data followed a straight line at the end of the plot (see Fig. 19). 
 
Fig. 18. Experimental setup for determining upper state lifetime. 
 
 
Fig. 19. Lifetimes for the four main test fibers measured using the setup in Fig. 18. 
























 From Fig. 19, the lifetime is seen to decrease with erbium concentration. The curve at the 
beginning of the data suggests that luminescence is originating at more than one type of erbium 
ion site, each with a different lifetime. This is consistent with previous studies which show that 
energy transfer to cross-relaxing ions dominates at later times, and earlier times are dominated by 
fast energy migration to quenching sites [38]. The fast component becomes more apparent as 
erbium concentration increases. Assuming two major types of Er3+ sites, the lifetimes and the 
relative strength of each site were calculated with regression analysis in MATLAB. A curve-fitting 
regression was done to the expression 𝑎 × exp(−𝑏 × 𝑡) + 𝑐 × exp(−𝑑 × 𝑡), where each 
exponential represents a type of erbium site in the glass and the lifetimes of each site, 𝜏1 and 𝜏2, 
are the inverses of the exponential coefficients, 𝑏 and 𝑑. The set of coefficients from each solution 
produced a curve with an R2 coefficient between 0.999 and 1. The relative abundances of these 
sites were calculated by integrating each term. 
 





As Fig. 20 shows, an increase in erbium concentration had a negative effect on the overall 
lifetime in the fiber. Not only did the lifetime of each site decrease, but the site with the shorter 
lifetime became more prevalent. Site 1 describes relatively isolated erbium ions with lifetime 𝜏1, 
and site 2 represents clustered ions with a fast nonradiative decay component and lifetime 𝜏2. The 
drop in lifetime as erbium is added can be attributed to the increasing number of nonradiative 
pathways for energy to be dissipated. The most likely pathway for loss in this case is cooperative 
absorption to the 4I9/2 state followed by nonradiative decay to 
4I13/2. Even relatively isolated ions 
will see a decrease in lifetime from nearby ions when the erbium concentrations are as high as 
those in this study. The cluster sites are the result of erbium oxide’s (Er2O3) tendency to form 
stronger bonds with other erbium oxides instead of silica. In a YAG-derived fiber, erbium oxide 
can bond to alumina (Al2O3) and yttria (Y2O3) instead, reducing clustering.  
The maximum observed lifetime was 8.3 ms in the 1% Er:YAG fiber. This was assumed 
to be the radiative lifetime, 𝜏𝑟, of an isolated erbium ion. The total lifetime of a site is a function 
of radiative and nonradiative components: 
1 1 1
r nr  
= + .  (34) 
Ion-ion interactions are the major nonradiative source of loss for high concentrations. If 𝜏𝑟 is equal 
to 8.3 ms, 𝜏𝑛𝑟 for site 1 is 914.6 ms in the 1% Er:YAG fiber. As erbium concentration increases, 
the value of 𝜏𝑛𝑟 decreases and causes the diminishing lifetime in Fig. 20(b). In the 5% Er:YAG 
fiber, 𝜏𝑛𝑟 has a value of 20.9 ms, which has a significant effect on the overall lifetime. Since a 
short lifetime means that the upper state is being depleted faster, the amplifier efficiency is 
expected to decrease with erbium concentration. For comparison, lifetime measurements of 
various erbium concentrations have yielded similar results in erbium-doped silica fibers [35]. In 
this previous study, ion cluster contribution to lifetime ranged from 3.6% to 18.7% for 
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concentrations from 0.88 × 1025 ions/m3 to 11.35 × 1025 ions/m3. This is consistent with the 
percent contribution of site 2 in Fig. 20(a).  
 
5.2 Draw Position Dependency 
 
 
Fig. 21. Luminescence properties as related to the draw position: (a) site 1 abundance, (b) site 2 




In addition to the four main fiber samples, lifetimes were recorded for fibers at the end of 
each spool to investigate if there was a dependency on draw position. The complete set of 
regression coefficients for the four fiber draws can be found in Appendix F. From Fig. 21(a)–(b), 
the abundance of each site remained relatively consistent along the draw, with a slight decline in 
the amount of site 1 and incline in the amount of site 2. Fiber made via MCM is expected to have 
the highest erbium concentration at the beginning of the draw, whereas the end of the draw has 
had more time for silica to diffuse into the core and dilute the erbium density. This is confirmed in 
Fig. 22(a), which displays erbium concentrations along each fiber draw. In this way, the site 
abundance trends in Fig. 21(a)–(b) are contradictory to Fig. 20, where site 1 abundance decreases 
and site 2 abundance increases with erbium concentration. Therefore, there is a separate correlation 
between the fiber draw location and the creation of quenching sites that is independent of erbium 
concentration. It is probable that Er3+ clusters are more prone to form the longer the core is molten, 
with more time for this phenomenon to take place later in the draw. 
Fig. 21(c)–(d) show how lifetime for the two sites changes with draw position. In general, 
𝜏2 decreases along the draw. This is the trend one would expect if nonradiative-dominant sites tend 
to form more readily later during the draw. Fig. 21(c) shows an unusual trend of 𝜏1 having a valley 
in the middle of the draw and increasing at both ends. The previous data suggest there are two 
competing forces on lifetime associated with draw position: an increase in lifetime due to a 
decreasing erbium concentration and a decrease in lifetime due to quenching sites having more 
time to form. The dominant variable for lifetime at the beginning of the draw appears to be the 
lack of cluster formation. Conversely, decreased erbium concentration is the dominant factor at 
the end of the draw. Since the early part of the draw has more erbium and a longer lifetime, the 
recommendation for efficiency is to use erbium-doped fiber closer to the beginning of an MCM 
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draw, assuming the core size matches the application. Early in the draw also includes a higher 
concentration of yttria and alumina, which provide previously mentioned benefits of lowering the 
Brillouin gain of the glass and limiting upconversion. The dopant distribution in an MCM fiber is 
a random process, which accounts for some of the variability in Fig. 21. 
 
Fig. 22. Lifetime modeling for a constant draw position: (a) calculated erbium concentrations at 
four similar draw positions and (b) lifetimes as a function of erbium concentration. The dashed 
curves are models that have been fitted to the data. 
 
In order to confirm that the beginning of the draw has the ideal erbium concentration and 
lifetime, the model put forward in Equation (33) can be applied to the observed lifetime of 𝜏1. 
Since draw position has been revealed to be an important variable for lifetime, the model should 
be applied to a range of erbium concentrations at similar draw positions. Fig. 22(a) shows four 
locations in each fiber draw that are approximately 150 m apart. The erbium concentrations for the 
additional 12 samples were estimated by aligning the absorption cross section peaks. Each curve 
in Fig. 22(b) includes the corresponding lifetimes for the four positions. The general trend of 
lifetime decreasing with erbium concentration is consistent with Fig. 20(b), but there is a clear 
divergence that is dependent on the draw position.  
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Equation (33) has been applied to each group of lifetimes and plotted in Fig. 22(b). The 
models used a radiative lifetime of 𝜏0 = 𝜏𝑟 = 8.3 ms. The values for 𝑁𝑐 are 40.4 × 10
25 ions/m3, 
30.4 × 1025 ions/m3, 27.0 × 1025 ions/m3, and 23.9 × 1025 ions/m3 at 150 m, 300 m, 450 m, and 
600 m, respectively. Therefore, there is a significant improvement to the critical quenching 
concentration at the beginning of the draw. The small deviations from the model could be the result 
of variation in sample location or randomness from MCM fabrication. Unlike the results in Fig. 
20, the core sizes differ significantly for the results in Fig. 22(b), which could be an additional 
source of error. 
 
5.3 Pump Power Dependency 
 
 
Fig. 23. Lifetime of 5% Er:YAG fiber over a range of pump power. 
 






















 A set of lifetime measurements with varying pump power was recorded to confirm the 
presence of saturable (site 1) and non-saturable (site 2) erbium sites. The 5% Er:YAG fiber was 
chosen to demonstrate the most noticeable change. Fig. 23 displays the natural log of the 
normalized radiative decay for five different pump powers (with 137 mW being the power used 
for all previous measurements). The initial drop in each curve grows with pump power while the 
final slopes remain identical. In other words, the isolated erbium sites become saturated and erbium 
clusters have a larger relative contribution to the luminescent decay.  From 15–137 mW, the cluster 
contribution rose from 15.5% to 18.4%. This trend with pump power has also been seen in erbium-
doped silica fibers [35]. 
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CHAPTER 6: AMPLIFIER CHARACTERIZATION 
 
6.1 Power Efficiencies 
 
 The 1550 nm laser source in this study had a narrow linewidth of 100 kHz, which was 
confirmed using a heterodyne measurement method found in [39]. A narrow linewidth source was 
chosen to minimize 𝑃𝑡ℎ
𝑆𝐵𝑆 from Equation (25) and allow SBS to be initiated with less power. The 
setup in Fig. 24 used two preliminary EDFA stages to provide an input to the test fiber that would 
saturate the fiber with a 1550 nm signal. The 976 nm laser diodes were each connected to a power 
supply and a temperature controller (not shown in Fig. 24), with the first stage running at 125 mA 
and the second stage running at 244 mA. Equipment was protected by optical isolators as well as 
an angled cleave (12°) at the end of the fiber to prevent a 180° reflection.  
Efficiencies were measured using a continuous wave (CW) signal, but SBS was most easily 
defined with laser pulses. To pulse the 1550 nm source, an acousto-optic modulator (AOM) was 
placed between the laser and the first EDFA. The AOM was connected to a radio frequency (RF) 
driver that provided sound waves at 55 MHz. An AOM contains a Bragg cell that, when off, 
refracts the light away from the output. When the RF driver is on, the acousto-optic effect causes 
the light to be redirected towards the output of the AOM. The RF driver was controlled by a delay 
generator sending TTL pulses. The AOM, RF driver, and delay generator together acted as a switch 
with a CW input and a pulsed output. For a CW output, the digital input to the RF driver was 
connected directly to a 5 V signal.  
The absorption/emission cross sections, erbium concentration, background loss, and 
radiative lifetime are all factors that determine the length of erbium-doped fiber that will have the 
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highest output power for a given pump input power. The output power was modeled as a function 
of amplifier length to provide an estimate for the ideal length. Test fiber close to this approximation 
was spliced to the end of the third EDFA stage, and progressively shortened until the output power 
was maximized. The optimal lengths were found to be 54 cm, 33 cm, 9 cm, and 8 cm for the 1%, 
2%, 4%, and 5% Er:YAG fibers, respectively.  
 
Fig. 24. Three-stage EDFA experimental setup. 
 
 
 Results for the output signal power as a function of pump power are presented in Fig. 25. 
For this measurement, the CW signal input to the third stage was 17 mW. This meant that the 
EDFA was operating under saturation, which made amplified spontaneous emission (ASE) 
negligible. As predicted by the lifetimes, amplifier efficiency decreased with erbium 
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concentration. The slope efficiencies are 32.7%, 29.2%, 21.3%, and 18.7% for the 1%, 2%, 4%, 
and 5% Er:YAG fibers, respectively. For most of the fibers, the efficiency is less than half the QD 
limit of 62.3%. The main detriments to efficiency are the high background loss and ion clustering. 
The fiber models in Fig. 25 incorporate all of the fiber parameters presented thus far with the 
exception of background loss. The background loss at the pump and signal wavelengths still 
increased with erbium density, but at a much stronger rate for the models to match the data. 
 
Fig. 25. Amplifier efficiency data points for the four Er:YAG fibers. The dashed curves represent 
the amplifier models.  
 
 The pump leakage was also measured by recording the amount of 980 nm power at the 
fiber output. The pump power absorbed in the test fiber was found to have two components: 
absorption saturation for lower input power levels and a linear increase in absorption with higher 
input power levels. The non-saturable absorption is the result of inhomogeneous upconversion in 
erbium ion clusters. Previous EDFAs with high erbium concentrations saw the same effects of 





























concentration quenching [34]. For erbium-doped germania-silica fibers, efficiency has been shown 
to drop from 60% to 5% when the erbium concentration increases from 7.2 × 1023 ions/m3 to 
2.2 × 1024 ions/m3 [40]. The improved performance of the Er:YAG fibers is accredited to the 
presence of alumina and yttria preventing erbium ion clustering. 
There are several ways to improve the efficiency of an EDFA. One method is codoping 
erbium and ytterbium (Yb) into the fiber. This solution has achieved 50.5% efficiency in an Er:Yb 
laser while pumping at 940 nm, which is a minimum of the ytterbium absorption cross section 
spectrum. This distributes the pump absorption farther along the fiber and avoids bottlenecking 
that can happen when pumping at 980 nm [41]. To assist with energy transfer, the polarization 
states of the pump and signal fields can be aligned with polarization-maintaining fiber. There are 
also more efficient alternatives to the setup seen in Fig. 24. The pumps can be spliced so that the 
pump signal is counterpropagating in the erbium-doped fiber. This yields a more favorable pump 
distribution, where the highest amount of excitation is at the end of the fiber. Since the signal also 
increases in power towards the end of the fiber, there is a more efficient transfer of energy. A 
bidirectional pumping scheme has pumps on both sides of the erbium-doped fiber to achieve 
uniform population inversion along the fiber [17]. While having two pumps is likely to be less 
efficient, it maximizes the available gain in a length of fiber. 
 
6.2 SBS Threshold 
 
 The same setup from Fig. 24 was used to estimate the threshold of SBS. For this 
measurement, the AOM provided a pulsed input. Replacing the power meter with an InGaAs 
photodiode connected to an oscilloscope, the power was increased until the pulse began to distort 
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from SBS, as seen in Fig. 26 by the development of a notch in the waveform. This notch only 
grows larger and more erratic as power is added. Except for the 1% Er:YAG fiber, the test fiber 
was too lossy to view the distorted pulse at the end of a long length of fiber. If the 2%, 4%, and 
5% Er:YAG fibers were shortened, the pulse was visible but the sample length was too short to 
begin SBS. It is safe to assume that the gain coefficient measured for the 1% Er:YAG fiber is 
representative of the other fibers since the variation in erbium is insignificant relative to the 
uniformity of the overall compositions.  
 
Fig. 26. Pulse shape at the three-stage EDFA output (a) without SBS and (b) at the onset of SBS.  
 
 SBS was observed in a test fiber length of 6.02 m, which is an effective length of 2.04 m 
if the background loss from Fig. 14 is estimated to be 2 dB/m. The model for the 1% Er:YAG fiber 
in Fig. 25 used a background loss of 2.3 dB/m, so it is possible that the loss is slightly higher at 
1550 nm. Regardless, the loss was significant enough that a cutback technique was implemented 
to find the maximum pulse energy within the test fiber, keeping the pump currents constant. A 
peak pulse energy of 17.2 μJ was observed, which corresponded to a peak power of 118 W after 
dividing by the integral of the normalized pulse shape. Using Equation (25) and the effective LP01 
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modal area of 44.3 μm2 from Appendix C, the Brillouin gain coefficient is calculated to be 
0.39 × 10−11 m/W. This calculation is consistent with previous results for YAG-derived fibers 
[22] and shows a clear advantage over the gain coefficient in silica fiber. While 118 W is the 
threshold for 6.02 m of fiber, the theoretical threshold using the optimized length of fiber from the 
efficiency measurement is almost 500 W of peak power for the 1% Er:YAG fiber, demonstrating 
the benefit of highly doped EDFAs.  
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CHAPTER 7: CONCLUSION AND FUTURE WORK 
 
This thesis has been the first exploration of Er:YAG-derived fibers regarding the effects of 
erbium concentration on optical properties. A general background on fiber was explored as well 
as a closer look at EDFAs. Four fibers were fabricated using the MCM process for extensive 
testing. In future work, an important objective is identifying and eliminating the source of 
background loss in the fabrication stage. Lower losses have been seen in Er:YAG-derived fibers 
made with MCM [30], so it is likely that the impurities originated in the bulk crystals. The 
refractive index and absorption and emission cross sections were shown to be unaffected by 
increasing erbium levels, which allowed for a strong comparison of other parameters.  
A new trend was discovered regarding upper state lifetime along an MCM-drawn fiber. 
The ends of the draw tended to have equally long lifetimes even though the erbium concentration 
is higher at the beginning of the draw. The data suggest that ion clusters become more common 
the longer the core has been molten, and this trend merits further investigation for other 
compositions being made with MCM. The fibers were found to be less efficient as erbium 
concentration was increased, but extremely short sections of Er:YAG-derived fiber could achieve 
gains that would normally require several meters of commercial erbium-doped fiber. The amplifier 
efficiency has potential for improvement by using a counterpropagating pump in a future setup. 
Finally, the onset of SBS was confirmed to be many times lower in YAG-derived fiber than in 
silica, and work is being done to calculate the Brillouin gain coefficient by measuring the 
backscattered light. These results all strongly support YAG-derived fiber, especially from the 
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APPENDIX A: FIBER CROSS SECTION IMAGES 
 









Fig. 29. 4% Er:YAG fiber cross sections: (a) Spool I, (b) Spool II, (c) Spool III, (d) Spool IV, (e) 




Fig. 30. 5% Er:YAG fiber cross sections: (a) Spool I, (b) Spool II, (c) Spool III, (d) Spool IV, (e) 
Spool V, (f) Spool VI. 
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APPENDIX B: BULK CRYSTAL COMPOSITIONS 
 
Fig. 31. EDS compositional analysis of bulk 1% Er:YAG glass. Images and compositions are 




Fig. 32. EDS compositional analysis of bulk 2% Er:YAG glass. Images and compositions are 





Fig. 33. EDS compositional analysis of bulk 4% Er:YAG glass. Images and compositions are 




Fig. 34. EDS compositional analysis of bulk 5% Er:YAG glass. Images and compositions are 




APPENDIX C: ALLOWED MODES IN TEST FIBERS 
The mode parameters in Table 2 and intensity profiles in Fig. 35 are calculated for a step-
index fiber with a 10 μm diameter, a cladding index of 1.444, a core index of 1.549, and a signal 
wavelength of 1550 nm. Values were found using RP Fiber Calculator. The model assumes that 
the weakly guiding approximation holds.  
TABLE 2 
GUIDED MODE PARAMETERS 
No. ν l β (𝝁𝒎−𝟏) neff Aeff (𝝁𝒎𝟐) Power in core Cut-off (nm) 
1 0 1 6.24663 1.540982 44.3 99.7% – 
2 1 1 6.22251 1.535032 40.1 99.2% 7247.36 
3 2 1 6.19078 1.527205 41.0 98.6% 4548.83 
4 3 1 6.1518 1.517589 40.1 97.7% 3407.96 
5 4 1 6.10576 1.506231 38.9 96.6% 2743.24 
6 5 1 6.05277 1.493159 37.7 95.3% 2306.51 
7 6 1 5.99291 1.478392 36.8 93.6% 1995.43 
8 7 1 5.92621 1.461938 36.1 91.5% 1761.57 
9 8 1 5.85277 1.443821 35.8 88.8% 1581.98 
10 0 2 6.17974 1.524481 34.4 98.3% 4548.37 
11 1 2 6.12895 1.511952 32.5 97.0% 3170.50 
12 2 2 6.07038 1.497503 35.9 95.3% 2494.68 
13 3 2 6.00439 1.481224 37.8 93.0% 2079.3 
14 4 2 5.93153 1.46325 39.6 89.5% 1793.07 
15 5 2 5.85298 1.443873 43.3 83.3% 1585.06 
16 0 3 6.05975 1.494881 32.0 94.8% 2494.62 
17 1 3 5.98332 1.476026 30.9 91.5% 2022.40 
18 2 3 5.90124 1.455778 37.7 85.1% 1723.89 









APPENDIX D: 2D RIPS 
 
Fig. 36. 2D measurements of incremental refractive index.  
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APPENDIX E: WDS COMPOSITION 
 
Fig. 37. WDS measurement of 2% Er:YAG oxide composition profile. 
  





























APPENDIX F: LIFETIME RESULTS 
Table 3 displays lifetime values found with the curve-fitting tool in MATLAB for a two-
term exponential fit. Table 4 displays the results of integrating each site. An example of the curve-
fitting output for the 0 m location on the 1% Er:YAG fiber is shown in Fig. 38.  
TABLE 3 
ER:YAG RADIATIVE DECAY FIT 
Fiber Position (m) Site 1 Coefficient 𝝉𝟏 (ms) Site 2 Coefficient 𝝉𝟐 (ms) 
1% Er:YAG 
0 0.884 7.893 0.108 1.937 
115 0.880 8.264 0.110 1.919 
270 0.849 8.183 0.138 2.120 
420 0.829 8.217 0.157 2.082 
575 0.848 8.190 0.14 1.830 
2% Er:YAG 
0 0.746 7.675 0.237 1.993 
125 0.748 7.918 0.234 2.065 
275 0.718 7.837 0.256 1.992 
425 0.703 7.782 0.270 2.001 
575 0.695 7.770 0.275 1.847 
725 0.679 8.292 0.286 1.861 
4% Er:YAG 
0 0.607 6.803 0.359 1.653 
150 0.564 6.835 0.395 1.546 
300 0.522 6.570 0.431 1.444 
450 0.503 6.262 0.441 1.334 
600 0.500 6.177 0.445 1.309 
750 0.495 6.614 0.445 1.315 
900 0.449 7.008 0.475 1.248 
5% Er:YAG 
150 0.462 6.337 0.481 1.323 
300 0.447 6.120 0.491 1.224 
450 0.427 5.924 0.509 1.150 
600 0.446 5.663 0.492 1.122 
750 0.422 5.992 0.505 1.082 









INTEGRALS OF LIFETIME EXPONENTIALS 
Fiber Position (m) Site 1 Integral 
Site 2 
Integral 
Site 1 % Site 2 % 
1% 
Er:YAG 
0 0.006977412 0.000209196 97.089% 2.911% 
115 0.00727232 0.00021109 97.179% 2.821% 
270 0.006947367 0.00029256 95.959% 4.041% 
420 0.006811893 0.000326874 95.421% 4.579% 
575 0.00694512 0.0002562 96.442% 3.558% 
2% 
Er:YAG 
0 0.00572555 0.000472341 92.379% 7.621% 
125 0.005922664 0.00048321 92.457% 7.543% 
275 0.005626966 0.000509952 91.690% 8.310% 
425 0.005470746 0.00054027 91.012% 8.988% 
575 0.00540015 0.000507925 91.403% 8.597% 
725 0.005630268 0.000532246 91.363% 8.637% 
4% 
Er:YAG 
0 0.004129421 0.000593427 87.435% 12.565% 
150 0.00385494 0.00061067 86.325% 13.675% 
300 0.00342954 0.000622364 84.640% 15.360% 
450 0.003149786 0.000588294 84.262% 15.738% 
600 0.0030885 0.000582505 84.132% 15.868% 
750 0.00327393 0.000585175 84.837% 15.163% 
900 0.003146592 0.0005928 84.147% 15.853% 
5% 
Er:YAG 
150 0.002927694 0.000636363 82.145% 17.855% 
300 0.00273564 0.000600984 81.988% 18.012% 
450 0.002529548 0.00058535 81.208% 18.792% 
600 0.002525698 0.000552024 82.064% 17.936% 
750 0.002528624 0.00054641 82.231% 17.769% 





Fig. 38. Example of cftool output in MATLAB. 
